Phagocytosis of microorganisms by polymorphonuclear leukocytes (PMN) is accompanied by inadvertent extracelHular release of microbicidal products; this could result in tissue damage. We investigated whether PMN damages endothelial cells when phagocytosis of Staphylococcus aureus occurs on the endothelial surface and how this damage might be modulated. Damage was assayed by the measurement of cell detachment or cell lysis of cultured endothelial cells that were radiolabeled with 51Cr. Uptake of bacteria was accompanied by nonlytic detachment of endothelial cells from the monolayer. This effect was inhibited by a-1-antitrypsin but remained unaffected by scavengers of toxic oxygen species. During phagocytosis, PMN adhered to the endothelial cells. Adherence could be prevented by inhibition of the lipoxygenase pathway of arachidonic acid metabolism of the PMN with nordihydroguaiaretic acid. This inhibition also resulted in a marked decrease of the detaching activity of the PMN. The addition of exogenous leukotriene B4 during phagocytosis greatly enhanced the damage to the endothelial monolayer. These results indicate that phagocytosis of staphylococci by PMN is accompanied by injury to endothelial cell monolayers due to released lysosomal proteases and that products of the lipoxygenase pathway of PMN play a modulatory role in this injury.
The main function of polymorphonuclear leukocytes (PMN) is to ingest and kill microorganisms that invade host tissue. Killing of the ingested bacteria requires degranulation of lysosomes (18) and activation of the oxidative metabolism (1) of the PMN. Most often PMN function is studied in vitro by incubation of PMN with bacteria in suspension in medium containing serum. In vivo, however, at the infectious site, bacteria are phagocytosed in the presence of tissue cells. Thus, tissue cells may well be involved in the phagocytic process. In a recent study (35) , we demonstrated that endothelial cells do not behave as passive bystanders during phagocytosis of Staphylococcus aureus by PMN but that they are actively involved in this process; that is, phagocytosis is enhanced when it occurs on the surface of endothelial cells. The fate of the tissue cells, however, is uncertain, since microbicidal products released by phagocytosing PMN can leak extracellularly through a mechanism called regurgitation during feeding (46) ; tissue injury as a result seems likely.
The phenomenon of regurgitation during phagocytosis of microorganisms is well known. Yet, in most studies on the cytotoxic effects of PMN, the phagocytes are stimulated with soluble products, such as phorbol myristate acetate (PMA), N-formylmethionyl-leucyl-phenylalanine, or complement component C5a (27, 29, 42, 44) . Activation by these compounds leads to a direct extracellular release of toxic PMN products and not to inadvertent leakage, as might occur during phagocytosis of microorganisms. Clark and Klebanoff (9) showed that tumor cells are lysed in the presence of PMN that are stimulated with opsonized zymosan and that for this effect the presence of halides is required. It is thought to be dependent on the myeloperoxidase system of the PMN. Phagocytosis of opsonized zymosan by PMN also induces detachment of endothelial * Corresponding author. cells from cultured monolayers, an effect due to released granular enizymes (16) .
To our knowledge, no studies have shown a direct deleterious effect of the phagocytosis of bacteria by PMN on normal host tissue cells. In the present study, we investigated whether PMN phagocytosing S. aureus on the surface of endothelial cell monolayers caused injury to the cells. The choice of S. aureus was prompted by the well-known pyogenic properties of staphylococci and their ability to spread to distal sites by the hematogenous route with the formation of metastatic abscesses. Also, in contrast to several other microorganisms, S. aureus is known to be able to cause endocarditis on healthy cardiac valves. As endothelial damage did occur during phagocytosis of S. aureus, we studied which products from the PMN were responsible for this damaging effect and how this effect might be modulated. Products of the arachidonic acid metabolism, such as leukotrienes and prostaglandins, affect in several ways the interaction between leukocytes and endothelial cells (5, 12, 15, 30 (40) . The bacteria were washed with sterile phosphatebuffered saline (PBS; pH 7.4), killed by Formalin treatment, washed, and suspended in Gel-HBSS to a final concentration of 109 CFU/ml (39) . When necessary, bacteria were opsonized in 5% human serum (pooled from 10 healthy donors) in Gel-HBSS (38) .
Culture and radiolabeling of human venous endothelial cells. Endothelial cells were isolated from human umbilical cord veins by a method modified from Jaffe et al. (21) as previously described (35) . Cells were cultured in RPMI 1640 (GIBCO Biocult Ltd., Paisley, United Kingdom) supplemented with 20% human serum (pooled from 15 healthy donors), 2 mM glutamine, 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml. For experiments, cells from individual cords in first or second passage were harvested with 0.05% trypsin-0.02% EDTA (GIBCO) and cultured in 48-well microtiter plates (no. 3548; Costar, Cambridge, Mass.) or 96-well culture plates (Nunc, Roskilde, Denmark). The cells were identified as endothelial cells by cell morphology and by immunofluorescent staining with rabbit antibodies against factor VIII (20, 21) .
Endothelial cells were radiolabeled with radioactive chromium (51Cr) as sodium chromate (specific activity, 350 to 600 mCi/mg of chromium; Amersham). To this purpose, 96-well microtiter plates containing confluent monolayers were washed once with culture medium and then incubated overnight with culture medium containing 1 ,uCi of 51Cr per well. The monolayers were washed free of radioactive medium by five washes with Gel-HBSS and used for measurement of cell detachment or cell lysis.
Phagocytosis of S. aureus by PMN on endothelial monolayers. Phagocytosis was performed as previously described (35) . Briefly, radiolabeled bacteria (0.25 ml; 5 x 108 CFU/ml) were added to the wells of 48-well microtiter plates containing a confluent endothelial cell monolayer which was previously washed twice with Gel-HBSS. The culture plates were centrifuged for 5 min at 1,600 x g, and PMN (0.25 ml; 5 x 106/ml) were then added. This resulted in a ratio of PMN to bacteria of 1:100. The effector-to-target ratio for PMN and endothelial cells was estimated as approximately 20:1. The plates were incubated in a stationary position at 37°C in a 95% air and 5% CO2 atmosphere. After 30, 60, or 90 min, ice-cold PBS was added to the wells. After careful resuspension, the content of each well was transferred to a vial, and the wells were rinsed vigorously four times with PBS. The rinses were added to the respective vials and the non-leukocyte-associated bacteria were removed by two cycles of centrifugation at 160 x g. The pellet was resuspended in 2.5 ml of PBS with 1 ,ug of lysostaphin per ml and incubated for 30 min at 37°C to lyse extracellular, adherent S. aureus (40) . Two more centrifugation cycles were then performed. To determine the total radioactivity (a measure of the total number of bacteria) added to each well, 0.25 ml of bacterial suspension was added directly to a separate biovial and centrifuged at 1,600 x g for 15 min. Leukocyte pellets and bacterial pellets were suspended in scintillation liquid and counted. Phagocytosis was expressed as a percentage of the total amount of added radioactivity.
Measurement of detachment and lysis of endothelial cells. Endothelial cell detachment and lysis were determined by a method modified from Harlan et al. (16) . 51Cr-labeled endothelial monolayers grown in 96-well microtiter plates were used. After the wells were washed with Gel-HBSS, 100 ,ul of bacterial suspension (2.5 x 108 CFU/ml) was added to each well and the plates were centrifuged for 5 min at 1,600 x g. PMN (100 RI; 2.5 x 106/ml) were then added (PMN-tobacteria ratio, 1:100; PMN-to-endothelial cell ratio, approximately 15:1) , and the plates were incubated as described above for phagocytosis. For the determination of detachment at the different times, the reaction was stopped by the addition of Gel-HBSS. The wells were gently rinsed twice to remove detached endothelial cells. Adherent cells were lysed with 200 RI of 0. 1% TX-100, and 100 ,ul was transferred to vials for counting. Total radioactivity was measured by lysis of the cells in separate reference wells that had not been rinsed. Spontaneous detachment was determined in wells incubated with Gel-HBSS only. Detachment was calculated by the following formula: (counts per minute in experimental wells/counts per minute in wells incubated with Gel-HBSS only) x 100. Spontaneous detachment varied with the endothelial cell isolate; only results from experiments with a spontaneous detachment of less than 20% were considered.
For the determination of cell lysis, the release of 51Cr was measured. For this purpose, after incubation of the monolayers with S. aureus and PMN as described above, cells were pelleted in the plates by centrifugation at 160 x g for 5 min.
Supernatant fluid (100 RI) was then carefully removed for counting. Total radioactivity was determined in separate wells incubated with TX-100, and spontaneous 51Cr release was determined in wells incubated with Gel-HBSS only. Specific 51Cr release was calculated by the following formula: [(51Cr release in experimental wells -51Cr spontaneous release)/(51Cr total release -51Cr spontaneous release)]
x 100.
In some experiments, PMN were stimulated with PMA which was dissolved in dimethyl sulfoxide and further diluted in Gel-HBSS. The final concentration of dimethyl sulfoxide in reaction mixtures never exceeded 0.1%.
In the experiments in which LTB4 was added to the reaction mixture, Gel-HBSS was replaced by Tyrode buffer with 0.2% BSA (Sigma). Adherence of PMN to endothelial monolayers. Adherence of PMN to the monolayers was measured as described previously by van Kessel et al. (37) . Briefly, PMN (107/ml) were labeled with Na51Cr (specific activity, 350 to 600 mCi/mg of chromium) for 60 min at 37°C, washed five times with Gel-HBSS, and resuspended to a concentration of 5 x 106/ml of Gel-HBSS. Bacteria and radiolabeled PMN were added to endothelial monolayers in 96-well microtiter plates as for the detachment experiments, but the plates were subjected to an additional centrifugation step after the addition of PMN (1 min at 160 x g) for rapid sedimentation of the leukocytes. Previous experiments (37) , which supported the results of others (8) , showed that adherence was not influenced by centrifugation; when PMN are allowed to settle by gravity, comparable amounts of PMN adhere to the monolayer. The plates were incubated for 10 min at 37°C and then gently rinsed twice with Gel-HBSS. A 200-pul sample of 0.1% TX-100 was added to each well to disrupt adherent PMN, and 100 ,ll was aspirated for counting. To determine the total radioactivity (a measure of the total number of PMN) added to each well, TX-100 was added to reference wells that were not rinsed. The adherence of PMN was expressed as a percentage of total radioactivity.
Measurement of GSH and depletion of GSH stores in endothelial cells. For the measurement of cellular glutathion (GSH; 17), endothelial cells were harvested from tissue culture flasks with 0.05% trypsin-0.02% EDTA, washed three times with PBS, and counted. Cells (106) were pelleted at 160 x g for 10 min and lysed with 140 ,ul of 0.2% TX-100 and 2.5% sulfosalicylic acid in 0.2% EDTA-PBS buffer. After centrifugation at 11,000 x g for 5 min, 50 ,ul of the acid-soluble extract was mixed with 100 ,ul of 0.3 M Na2HPO4. GSH was measured in these samples by spectrophotometric determination of the reduction of 5,5'-dithiobis-(2-nitrobenzoic) acid at 412 nm. A standard curve with known concentrations of GSH (1 to 100 nmol) was measured at the same time. Results are expressed as nanomoles of GSH per 106 endothelial cells.
To deplete GSH stores in endothelial cells, cell cultures were incubated with CDNB, which was dissolved in ethanol (final concentration of ethanol in reaction mixtures, 0.05%) and further diluted in culture medium to 10 ,uM, for 60 min. The cell cultures were then washed three times with Gel-HBSS.
Measurement of lysozyme. Lysozyme was measured as a marker for lysosomal enzyme release. After incubation of S. aureus, PMN, and endothelial cells for 30 min as described above for phagocytosis experiments, the microtiter plates were centrifuged for 5 min at 160 x g. Supernatant fluids from duplicate wells were collected for lysozyme determination. The pellets were suspended in ice-cold PBS, transferred to appropriate vials, and sonicated three times for 20 s (Sonifier B12; Branson Sonic Power Co., Danbury, Conn.). The amounts of lysozyme in the supernatant fluids and in the cell lysates were determined by the rate of lysis of Micrococcus lysodeikticus (dried cells; Sigma) measured by the decrease in absorption at 450 nm (10) . The total amount of enzyme in the PMN was determined in PMN incubated with endothelial cells in the absence of bacteria. Enzyme release was calculated by subtracting enzyme activity in the cell lysates (residual activity after phagocytosis) from total activity and was then expressed as a percentage of the total enzyme activity.
Statistical analysis. All assays, except the GSH determination, were run in triplicate. Results are expressed as the mean of three or more independent observations plus or minus the standard error of the mean (SEM). For statistical analysis, the Student t test was performed. P values exceeding 0.05 were considered not significant. ers (35) . In the experiments described in the present study, a PMN-to-bacteria ratio of 1:100 was used. Under these conditions, uptake of S. aureus reached 59 + 2% after 60 min of incubation. The uptake of bacteria by the PMN injured the endothelial cells. After 1 h of incubation, half of the cells had lifted off from the monolayer (Fig. 1) . Resting PMN or S. aureus by itself without PMN did not cause detachment. The endothelial monolayers were also exposed to PMN stimulated with the soluble agent PMA. Under these conditions, detachment was only slightly higher than when phagocytosing PMN were used (Fig. 1) . To evaluate whether detachment is dependent on the phagocytic process, the effect of increasing amounts of phagocytosed bacteria or of phagocytosing cells was determined by the use of higher numbers of PMN or by the addition of more bacteria per PMN. These experiments showed that the detachment increased with the number of PMN and the number of bacteria (Fig. 2) .
RESULTS
We also measured the ability of phagocytosing PMN to lyse endothelial cells. No lysis, as determined by measurement of 51Cr release, was observed during the incubation with PMN and S. aureus or with PMA-stimulated PMN. Lysis of endothelial cells is usually described as a relatively late event, which occurs after 5 to 6 h of incubation with activated PMN (17, 44) . Therefore, lysis was also determined after an 18-h incubation period. These experiments showed little lysis by phagocytosing PMN (always less than 10%), whereas PMA-activated PMN did cause extensive 51Cr release (Fig. 3) .
Critical role of lysosomal enzymes in endothelial cell damage. During phagocytosis, PMN produce several toxic oxygen products, such as superoxide anion (O2-), hydrogen peroxide (H202), and hydroxyl radical (-OH). In combination with halides and by the action of myeloperoxidase, H202 forms highly toxic hypohalides. The role of these different oxygen-derived products was evaluated by the addition of various enzymes and scavengers to the assay system. Superoxide dismutase (100 ,ug/ml) was used to inactivate superoxide anion, and catalase (100 [Lg/ml) was used to degrade H202. Detachment of endothelial cells by phagocytosing PMN was 72 + 4%; superoxide dismutase and catalase had no significant effect (66 ± 5 and 68 ± 6%, respectively). Thiourea has been shown to be an effective hydroxyl-radical scavenger (28) and was used for this purpose. Detachment of endothelial cells in the presence of 10 mmol of this agent amounted to 80 ± 6%. Methionine is known to react with hypohalides and acts as a scavenger for these products (41) The lack of effect of these agents could be owing to the protective role of the GSH redox cycle in the endothelial cells (17) . If the oxygen products generated by the phagocytosing PMN are rapidly destroyed by oxidation of GSH then no effect can be expected from the exogenous added enzymes or scavengers. Therefore, endothelial stores of GSH were depleted with CDNB (17) To exclude convincingly a role for toxic oxygen species in the disruption of the integrity of endothelial cell monolayers by PMN during phagocytosis of bacteria, detachment was also determined in an experiment in which PMN from a patient with chronic granulomatous disease were used. These PMN were as effective as normal PMN in detaching endothelial cells from the monolayers (results not shown).
These results suggest a critical role for lysosomal proteases in the injurious effect of phagocytosing PMN, with primary granule constituents and especially elastase (22) as obvious candidates. Indeed, when a-1-antitrypsin (100 ,ug/ml), a well-known inhibitor of proteolytic activity of granular enzymes, was added to the incubation wells, detachment of endothelial cells was reduced from 74 to 32% (Fig. 4) . Total inhibition was never achieved, even in the presence of higher concentrations of cx-1-antitrypsin. The effect of (x-1-antitrypsin was specific, since bovine serum albumin at the same concentration (100 ,ug/ml) did not affect endothelial cell detachment. In ined the role of methionine, which is located at the reactive center of the a-1-antitrypsin molecule. Oxidation of the methionyl residue leads to loss of the inhibitory activity of a-1-antitrypsin toward several serine proteases (23) . Oxidative inactivation of a-1-antitrypsin could occur during incubation with activated PMN. In an attempt to protect a-iantitrypsin, an excess of methionine (1 to 10 mM) was added to the reaction mixture. Despite this increase in oxidizable substrate, no improvement of the effect of a-1-antitrypsin was observed.
Further evidence for the role of lysosomal proteases was provided by the inhibitory effect of serine protease inhibitors phenylethylsulfonyl fluoride (1 mM) and L-1-tosylamide-2-phenylethyl-chloromethyl ketone (1 ,uM) , which inhibited endothelial cell detachment by 45 + 6 and 44 ± 7%, respectively.
Modulation of endothelial cell detachment by products of the arachidonic acid metabolism. Adherence of PMN to endothelial cells during phagocytosis of S. aureus could play a role in the damage caused to the endothelial monolayer. Leukotrienes and prostaglandins are known to affect the adhesion of PMN to endothelial cells (15) . As both PMN and endothelial cells synthesize several products of the arachidonic acid metabolism (13, 19, 24, 30) , we studied a possible modulatory role for these products. NDGA and U-60,247B were used to inhibit the lipoxygenase pathway of arachidonic acid metabolism (2), and indomethacin was used to inhibit the cyclooxygenase pathway (36) .
Unstimulated PMN hardly adhered to the endothelial surface (about 10% of the total added PMN), whereas the presence of S. aureus on the monolayer caused a threefold increase in the number of adherent PMN (Fig. 5A) . Preincubation of endothelial cells with NDGA or indomethacin had no effect on the adherence of the stimulated PMN to the endothelial cells or on the detachment of endothelial cells during phagocytosis of S. aureus by the PMN. The adhesion induced by the S. aureus, however, could be prevented by preincubation of the PMN with NDGA (Fig. 5A) . Preincubation of PMN with NDGA also markedly reduced the injurious effect of the phagocytosing PMN on the monolayer (Fig.  6A) . Adherence and the detaching activity of PMN were inhibited at higher concentrations of indomethacin (100 to 500 ,uM) ( Fig. 5A and 6A ). At these concentrations, however, indomethacin affects the arachidonic acid metabolism via non-cyclooxygenase-dependent mechanisms (31) . Since NDGA may have effects on PMN function other than inhibition of lipoxygenase activity (27) , a second inhibitor, U-60,247B, was used. Preincubation of PMN with this agent (10 ,uM) confirmed the results obtained with NDGA; detachment of endothelial cells was inhibited by 73 + 10%.
To further explore the role of lipoxygenase products, we added purified LTB4, a major product of the lipoxygenase pathway of arachidonic acid metabolism in PMN, to the test system. LTB4 by itself caused significant adhesion of PMN, to an even greater extent than the adhesion induced by S. aureus. The effect of LTB4 and S. aureus, however, was not additive; incubation of PMN with bacteria in combination with LTB4 did not cause a further increase in the leukocyte adhesion to the endothelial cells (Fig. SB) . LTB4 by itself did not stimulate the PMN to detaching activity, since in the absence of bacteria, no significant detachment above baseline values was recorded. LTB4 added to phagocytosing PMN, however, greatly enhanced the damage to the monolayers (Fig. 6B) . This large increase of detachment probably explains the lack of an additive effect of S. aureus and LTB4 on PMN adhesion; a correct measurement of adherence is hampered when the endothelial cells start to detach from the monolayer. To exclude the possibility that the effect of LTB4 on endothelial cell detachment is nonspecific and is the result of the addition of a fatty acid which may serve as a precursor of toxic lipid peroxides, control experiments were performed with arachidonic acid at the same concentrations as LTB4 and with an inactive analog of LTB4, 12epi,6t-LTB4 (kindly provided by P. L. Bruynzeel, Department of Pulmonary Disease, University Hospital Utrecht, Utrecht, The Netherlands). Neither compound had an effect on the detaching activity of the PMN.
The effects of NDGA and LTB4 could be mediated via an effect on the release of lysosomal enzymes during phagocytosis (3). Therefore, release of lysozyme was determined. NDGA and LTB4 had no significant effect on the release of this enzyme compared with the control PMN (38 + 10 and 44 + 6%, respectively, versus 49 + 6%). Also, the amounts of enzyme activity recovered in the extracellular medium were not different for treated or control PMN.
The effects of NDGA and LTB4 were not due to diminished or enhanced phagocytosis; uptake of S. aureus was not altered by these agents.
DISCUSSION
In response to phagocytosis, human PMN release lysosomal enzymes, generate oxygen-derived products, and produce inflammatory mediators (45) . All of these products have been implicated in tissue injury. Lysosomal enzymes have been implicated for their effect on extracellular matrices and for their nonlytic damage to cultured cellular monolayers (7, 16, 33, 43) ; oxygen-derived products have been cited for their cytotoxic effects (9, 26, 27, 29, 39, 42, 44) ; and inflammatory mediators, such as leukotrienes and prostaglandins, have been implicated for their effects on vascular permeability and for their vasomotor and chemotactic effects (for a review, see reference 32). Evidence for a role for these products from PMN in tissue damage, however, has been obtained in studies in which PMN were stimulated with soluble agents or with opsonized zymosan, a large phagocytosable particle, or in studies in which more or less purified products were used.
We studied the question of whether phagocytosis of bacteria per se was accompanied by damage to surrounding cells. PMN were allowed to phagocytose S. aureus on the surface of endothelial cells in an experimental setting which permitted the measurement of nonlytic detachment of endothelial cells from the monolayer and of lysis of the endothelial cells. In previous studies, we showed that PMN are able to phagocytose opsonized as well as unopsonized S. aureus on an endothelial surface and that in both cases, the microbicidal mechanisms of the PMN are triggered to the same extent (34, 35 (17) , however, showed that GSH effectively protects endothelial cells from oxidative damage; they were able to detect endothelial cell lysis by PMA-activated PMN only after depletion of GSH stores in the endothelial cells. In our experimental model, when bacteria were used as a stimulus, even the inhibition of endothelial antioxidant defense (by depletion of GSH stores with CDNB) did not result in an increase in either endothelial cell detachment or endothelial cell lysis. Also, after prolonged incubation of endothelial cells with S. aureus and PMN, endothelial cell lysis was minimal, in contrast to the extensive lysis caused by PMAactivated PMN. Therefore, we conclude that the leakage of microbicidal products from PMN in the course of phagocytosis mainly results in cell detachment, due to release of lysosomal proteases. Interestingly, although significant protection of the endothelial monolayer was achieved by ca-1-antitrypsin, a total inhibition of the detaching activity of the PMN was never reached, even with high concentrations of a-1-antitrypsin. It is possible that a-1-antitrypsin cannot reach the site of lysosomal enzyme activity because of close contact between PMN and endothelial cells (7) .
Close approximation between PMN and endothelial cells has been shown to be an important prerequisite for lytic damage to the endothelium by activated PMN (4, 29) . Therefore, the question arises as to whether such proximity is also important in the nonlytic damage caused by the phagocytosing PMN. Adherence of PMN to endothelial cells is largely modulated by products of the arachidonic acid metabolism. Several leukotrienes, but especially LTB4, stimulate adherence of PMN to the endothelium (12), whereas prostaglandins inhibit this adherence (5 
